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ABSTRACT
Context. The Fermi bubbles (FBs) are large gamma-ray emitting lobes extending up to 55◦ in latitude
above and below the Galactic center (GC). Although the FBs were discovered 8 years ago, their origin
and the nature of the gamma-ray emission are still unresolved. Understanding the properties of the
FBs near the Galactic plane may provide a clue to their origin. Previous analyses of the gamma-ray
emission at the base of the FBs, what remains after subtraction of Galactic foregrounds, have shown
an increased intensity compared to the FBs at high latitudes, a hard power-law spectrum without
evidence of a cutoff up to approximately 1 TeV, and a displacement of the emission to negative
longitudes relative to the GC.
Aims. We analyze 9 years of Fermi Large Area Telescope data in order to study in more detail than
the previous analyses the gamma-ray emission at the base of the FBs, especially at energies above 10
GeV.
Methods. We use a template analysis method to model the observed gamma-ray data and calculate the
residual emission after subtraction of the expected foreground and background emission components.
Since there are large uncertainties in the determination of the Galactic gamma-ray emission towards the
GC, we use several methods to derive Galactic gamma-ray diffuse emission as well as the contribution
from point sources in order to estimate the uncertainties in the emission at the base of the FBs.
Results. We confirm that the gamma-ray emission at the base of the FBs is well described by a simple
power law up to 1 TeV energies. The 95% confidence lower limit on the cutoff energy is about 500 GeV.
It has larger intensity than the FBs emission at high latitudes and is shifted to the west (negative
longitudes) from the GC. If the emission at the base of the FBs is indeed connected to the high-latitude
FBs, then the shift of the emission to negative longitudes disfavors models where the FBs are created
by the supermassive black hole at the GC. We find that the gamma-ray spectrum can be explained
either by gamma rays produced in hadronic interactions or by leptonic inverse Compton scattering. In
the hadronic scenario, the emission at the base of the FBs can be explained either by several hundred
supernova remnants (SNRs) near the Galactic center or by about 10 SNRs at a distance of ∼ 1 kpc.
In the leptonic scenario, the necessary number of SNRs that can produce the required density of CR
electrons is a factor of a few larger than in the hadronic scenario.
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1. Introduction
The Fermi bubbles (FBs) are one of the most spec-
tacular and unexpected discoveries in the Fermi
Large Area Telescope (LAT) data (Su et al. 2010).
The FBs extend up to 55◦ in latitude above and
below the Galactic center (GC), they have a well-
defined edge and a relatively uniform intensity
across the surface, apart from a “cocoon” in the
south eastern part of the bubbles (Su & Finkbeiner
2012; Ackermann et al. 2014). The intensity spec-
trum is ∼ E−2 at GeV energies with a cutoff or
a softening around 100 GeV at latitudes |b| > 10◦
(Ackermann et al. 2014). The origin of the FBs is
attributed either to an emission from the supermas-
sive black hole (SMBH) at the center of our Galaxy
or to a period of starburst activity which resulted
in a combined wind from supernova (SN) explosions
of massive stars (Su et al. 2010). The gamma-ray
signal up to 100 GeV can be produced either by
interactions of hadronic cosmic rays (CR) with gas
(hadronic model) or by inverse Compton (IC) scat-
tering of high energy electrons and positrons and
the interstellar radiation (leptonic model).
Although the FBs were detected about 8 years
ago, their origin is still unresolved. Important in-
sights into their origin can be obtained from the
study of the morphology and the spectrum of the
FBs near the GC. The spectrum of gamma rays can
provide information on the composition of the CR
that produce the gamma-ray signal (hadronic vs
leptonic CR), as well as the age of the CR (through
a cooling cutoff in the leptonic scenario or a break
due to escape of high energy CR) and the spec-
trum of the CR at the source. The morphology of
the emission can point to the source of the bubbles:
either the SMBH Sgr A* or a recent star-forming
region. Previous analyses of the FBs at low lati-
tudes indicated higher intensity of emission near the
Galactic plane (GP) and a displacement to nega-
tive longitudes (Acero et al. 2016; Ackermann et al.
2017; Storm et al. 2017). The spectrum of the FBs
for |b| < 10◦ is consistent with a power-law ∝ E−2
without a cutoff up to 1 TeV (Ackermann et al.
2017).
The study of the FBs in the GP is complicated
due to bright Galactic diffuse emission components.
The pi0 component of the gamma-ray emission is
well traced by the distribution of gas, but it has
large uncertainties towards the GC due to a lack
of kinematic information from the motion of the
gas in the Galaxy, which is used to reconstruct the
gas distribution (the velocity of the gas in the di-
rection of the GC is perpendicular to the line of
sight) as well as the uncertainties in the CO emis-
sion along the line of sight to the GC (which is used
as a tracer of molecular hydrogen) and large disper-
sion of velocities of some molecular clouds near the
GC. There are also large uncertainties in the dis-
tribution of the CR sources and the propagation
model near the GC, which make it rather difficult
to predict a priori the distribution of the propa-
gated CR in the Galaxy. For the IC component of
the gamma-ray emission, there is a significant un-
certainty in the interstellar radiation field (ISRF)
density near the GC (Popescu et al. 2017; Porter
et al. 2017; Niederwanger et al. 2019) in addition
to the uncertainties in the CR distribution. There
should also be undetected point-like and extended
sources, which nevertheless contribute to the total
flux. Distribution of CR in the Galaxy can be com-
puted with CR propagation tools, such as GAL-
PROP (Strong et al. 2007). The maps of gamma-ray
emission from interactions of CR with gas in differ-
ent Galactocentric rings and from interaction of CR
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electrons and positrons with the ISRF can be used
as templates for the corresponding components of
gamma-ray emission. The agreement of the gamma-
ray data with models based on templates derived
with the CR propagation tools is rather poor in the
GP (e.g., Porter et al. 2017).
In this paper, we analyze the gamma-ray emis-
sion at the base of the FBs and estimate the un-
certainties related to modeling of the Galactic fore-
ground and background components. We focus on
morphology and spectrum of the FBs at energies
from 10 GeV to 1 TeV, where the intensity of the
gamma-ray emission from the FBs relative to the
other Galactic components is higher than at low
energies due to softer spectra of the Galactic com-
ponents. The study of the FBs at high energies will
be also important for future searches with neutrino
and Cherenkov telescopes.
We use several methods to determine the Galac-
tic foreground/background emission. Unfortunately
the notion of the foreground and background emis-
sion may not be well defined if we search for
an extended gamma-ray emitting source based on
the gamma-ray data itself (rather than using the
multi-wavelength data, e.g., to trace the distribu-
tion of gas). Here and in the following by fore-
ground/background emission we will mean a steady
state (or average) diffuse emission of gamma-rays.
The steady state distribution of CR is obtained by
averaging in time over many sources, it results in
the local CR proton spectrum of ∼ E−2.7 for ener-
gies from a few GeV to about a PeV and ∼ E−3.3
for the local CR electrons from GeV to TeV en-
ergies. If the spectrum of the CR at the source is
∼ E−2.0−2.2, then the softening of the spectrum of
CR protons by ∼ E−0.3 − E−0.6 is due to energy-
dependent escape from the Galaxy, while the soften-
ing for the CR electrons by ∼ E−1 is due to cooling.
A distinguishing property of a source of CR is that
the spectrum of CR at or near the source is much
harder than the average (propagated) spectrum of
CR. Thus, one can look for the presence of a pop-
ulation of freshly accelerated CR by searching for
areas of gamma-ray emission with spectrum harder
than average. In particular, one can use an “on-off”
analysis to subtract the steady state component of
the gamma-ray emission. One of the caveats of this
analysis is that even the steady state gamma-ray
emission in the “on” region can be more intense than
the emission in the “off” region, but in this case the
difference of the fluxes would have a soft spectrum
characteristic of the propagated CR, unless the dif-
ference in flux is much smaller than the flux in both
“on” and “off” regions: in this case the difference can
have a harder spectrum than the two terms. We use
the “on-off” technique as a preliminary check in a
search for a population of freshly accelerated CR:
the hard spectrum of the difference is a necessary
condition for the presence of a population of CR
with a spectrum harder than the steady state dis-
tribution of CR. It is also a sufficient condition for
the presence of a population of CR with a hard spec-
trum, if the difference has intensity comparable to
the overall intensity in the “on” and “off” regions.
Consequently, on consideration that there is a
tentative asymmetry in diffuse gamma-ray emis-
sion near the GC at high energies with a spectrum
harder to the west of the GC relative to the emis-
sion to the east of the GC, as a first step, we esti-
mate the amount of the asymmetry by taking the
difference in the gamma-ray data to the west and
to the east of the GC after masking bright point
sources. Second, since the spectrum of the FBs at
high latitudes as well as the inferred spectrum at
low latitudes is harder than the spectra of the other
components of diffuse emission, the contribution of
the FBs at energies . 1 GeV is relatively small.
We use the data below 1 GeV as a template of the
Galactic foreground emission, which we fit to the
data at energies above 1 GeV. The residual emission
is used to estimate the contribution from the com-
ponents with spectra harder than the typical spec-
tra of the steady state diffuse gamma-ray compo-
nents. Finally, we determine a model for the Galac-
tic gamma-ray diffuse emission using templates for
the emission components based on GALPROP cal-
culation1 (Moskalenko & Strong 1998; Strong et al.
2000, 2004; Ptuskin et al. 2006; Strong et al. 2007;
Porter et al. 2008; Vladimirov et al. 2011). In this
model, we allow many free parameters, such as
rescaling of the pi0 and bremsstrahlung emission in
Galactocentric rings and refitting of bright point
sources near the GC. With the many free parame-
ters, this model absorbs as much of the gamma-ray
emission at the base of the FBs as it can. As a re-
sult, the residual emission at the base of the FBs in
this model is smaller than the residuals in the other
models considered in the paper.
The similarity of the energy spectrum below 100
GeV of the hard and bright emission at the base
of the FBs and the FBs at high latitudes as well
1 http://galprop.stanford.edu
Article number, page 3 of 24
as the spatial coincidence of the emission with a
continuation of the FBs from high latitudes make
the physical correspondence of the two objects very
plausible. Nevertheless, their alignment along the
line of sight can be accidental and the distance to
the two objects can be different, i.e., the FBs may
be above and below the GC while the hard compo-
nent may be at a closer distance, e.g., 1 kpc, from
us so that the two objects would be physically un-
related. Thus, we will refer to the hard and bright
component as “emission at the base of the FBs” to
keep both possibilities open: that the emission is
the base of the FBs and that the emission is at a
different location along the line of sight towards the
base of the FBs. We discuss possible origins of the
hard component of emission in Section 5. Section 6
contains conclusions.
2. Data selection
We use 9 years of the Fermi-LAT Pass 8 Source
class events between August 4, 2008 and August
3, 2017 (Fermi Mission Elapsed Time 239557418 s
– 523411376 s) with energies between 316 MeV =
102.5 MeV and 1 TeV separated in 21 logarithmic
energy bins (6 bins per decade). The selection of
the events is performed with the standard quality
cuts (DATA_QUAL>0)&&(LAT_CONFIG==1).
In order to avoid contamination from gamma
rays produced in interactions of CR in the Earth
atmosphere, we select events with zenith an-
gles θ < 100◦, which is sufficient for energies
above 316 MeV. We calculate the exposure and
point-spread function (PSF) using the Fermi-LAT
Science Tools package version 10-01-01 available
from the Fermi Science Support Center2 with the
P8R2_SOURCE_V6 instrument response func-
tions. Figure 1 shows the energy flux of the gamma-
ray emission integrated in three energy ranges3. For
all maps shown in this paper, we use Galactic coor-
dinates centered on the GC in Mollweide projection.
For spatial binning we use the HEALPix4 (Górski
et al. 2005) scheme with a pixelization of order 7
(≈ 0◦.46 pixel size).
2 http://fermi.gsfc.nasa.gov/ssc/data/
analysis/
3 The integral of the energy flux intensity between E0
and E1 is defined as I =
∫ E1
E0
E dN
dE
dE.
4 http://sourceforge.net/projects/healpix/
3. Modeling of the Fermi bubbles at low
latitudes
3.1. East-west asymmetry in the data
In order to investigate the asymmetry of the emis-
sion at the base of the FBs relative to the GC,
we compare the Fermi-LAT data east and west of
the GC. We mask the 200 point sources (PS) in
the Third Fermi-LAT source catalog (3FGL, Acero
et al. 2015) with the largest flux above 1 GeV. Each
PS is masked with a circle of radius δ√
2
+0◦.5, where
δ = 0◦.46 is the characteristic size of the pixels so
that δ/
√
2 is half of the pixel diagonal (if it were
a square), while 0◦.5 is comparable to the 68% con-
tainment radius of the point-spread function above
≈ 2 GeV. Thus the total radius is about 0◦.82. In
order to avoid possible bias by masking more pix-
els on one side of the GC in the Galactic plane, we
symmetrize the PS mask relative to the GC, i.e., we
set m−b,−` = 0 if mb,` = 0 and vice versa. This PS
mask is also used in the following sections (apart
from Section 3.4). The data are averaged over re-
gions to the east (0◦ < ` < 10◦) and to the west
(−10◦ < ` < 0◦) of the GC at different latitudes.
The regions have a latitude width of 4◦. The frac-
tion of masked pixels is about 50% within |b| < 2◦,
about 10% for 2◦ < |b| < 6◦, and less than 5% for
|b| > 6◦.
The difference of the averaged intensity of emis-
sion west minus east of the GC is shown in Fig.
2. The error bars represent the statistical errors.
The emission for latitudes b ∈ (−6◦,−2◦) and
b ∈ (−2◦, 2◦) shows excess emission to the west
of the GC, which remains significant at high en-
ergies. The Fermi-LAT exposure within |b| < 10◦
and |`| < 10◦ is rather uniform; the maximal frac-
tional variation of the exposure in this region for
E > 1 GeV is less than 4%.
3.2. Low-energy data as a background model
In the previous section we have shown that the
west-minus-east difference in the Fermi-LAT data
in the Galactic plane relative to the GC has a hard
spectrum ∼ E−2 up to 1 TeV. One of the simplest
ways to separate the soft component of emission
from the hard one is to use the low-energy data
as a model of the soft component and subtract it
from the data at higher energies. Gamma rays pro-
duced in interactions of the steady state Galactic
population of CR with gas and ISRF, i.e., the pi0,
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E= 1−10 GeV
-6 -5.2 -4.3 -3.5
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log10(I [GeV s
−1sr−1cm−2])
E= 100−1000 GeV
-7 -6.2 -5.3 -4.5
log10(I [GeV s
−1sr−1cm−2])
Fig. 1: Energy flux of the Fermi-LAT 9 years of Source class data integrated in energy ranges 1 – 10 GeV,
10 – 100 GeV, and 100 GeV – 1 TeV. The maps are represented in logarithmic scale. The map in the
energy range 10 – 100 GeV (100 – 1000 GeV) is smoothed with a Gaussian kernel with radius σ = 0◦.5
(σ = 0◦.7). The plots are created with the HEALPix package (Górski et al. 2005) in Mollweide projection
with nside = 128 (≈ 0◦.46 pixel size).
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Fig. 2: Difference west minus east in the Fermi-
LAT intensity relative to the GC after masking
bright PSs. The PS mask is symmetrized relative
to the GC. The west (east) region is defined be-
tween −10◦ < ` < 0◦ (0◦ < ` < 10◦). Grey lines
show spectra for latitudes |b| > 10◦.
bremsstrahlung, and IC components, dominate the
gamma-ray emission in the Galactic plane in the
energy range E . 1 GeV. Consequently, the low-
energy Fermi-LAT data is a good tracer for the soft
components of the diffuse gamma-ray emission in
the Galactic plane and can be used to create a spa-
tial template for the Galactic foreground. The 68%
containment for the Fermi-LAT photons between
316 MeV and 1 GeV (averaged with an E−2 spec-
trum) is about 1◦.5, which is much larger than the
sub-degree angular resolution above 1 GeV. In or-
der to compensate for the difference in the angular
resolution, we smooth the data in each high-energy
bin above 1 GeV with a Gaussian kernel of σ = 1◦
(which corresponds to 68% containment angle of
1◦.5 in 2 dimensions).5
5 In general, the width of the Gaussian kernel σ can be
obtained by subtracting in quadrature the equivalent
widths at low and at high energies σ2 = σ2low − σ2high.
We separate the whole sky in latitude stripes of
4◦ width where the HEALPix pixels are assigned
to stripes that contain the centers of the pixels. We
parametrize the model in each stripe and each en-
ergy bin independently, i.e., in the latitude stripe b
for energy bin E and HEALPix pixel with index i
the model consists of two terms:
Mb(E, i) = kb(E) · N˜ lowb (E, i) + cb(E) · τ(E, i), (1)
where kb(E) and cb(E) are coefficients to be deter-
mined from the fit to the data. The term cb(E) ·
τ(E, i) is proportional to the exposure τ(E, i):
it accounts for the isotropic extragalactic back-
ground and partially compensates for the latitude-
dependent IC emission. kb(E) · N˜ lowb (E, i) is pro-
portional to the low-energy photon counts summed
over nlow = 3 energy bins between 316 MeV and
1 GeV rescaled by the ratio of exposures at low and
at high energies:
N˜ lowb (E, i) =
1
nlow
(
nlow∑
α=1
N(Eα, i)
τ(Eα, i)
)
τ(E, i), (2)
where N(Eα, i) is the number of photons in energy
bin Eα and in pixel i.
We determine the parameters cb(E) and kb(E)
by fitting the model to the Fermi-LAT data in
energy bins E > 1 GeV. We maximize the log
likelihood of the gamma distribution with respect
to parameters cb(E) and kb(E) using the Python
iminuit optimizer6. In order to avoid an overcom-
Since σ2low  σ2high, we neglect σ2high and smooth the
data at high energies with σlow = 1◦.
6 The gamma distribution p(x; k˜ + 1) = x
k˜
Γ(k˜+1)
e−x
is the probability density function for the parameter x
given the observed counts k˜. The counts k˜ are integer
for unsmoothed maps and non-integer for the smoothed
maps. We discuss the optimization of the model param-
eters using smoothed maps in Appendix B.
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Fig. 3: Energy flux of the diffuse emission model based on the low-energy data (Section 3.2) integrated
over three energy ranges.
E= 1−10 GeV
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E= 10−100 GeV
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E= 100−1000 GeV
-2e-06 0 2e-06 4e-06
I [GeV s−1sr−1cm−2]
Fig. 4: Energy flux of the residuals of the low-energy model derived in Section 3.2 integrated over three
energy ranges.
pensation for the flux from the FBs, the region
−20◦ < ` < 20◦ is excluded from the fit, i.e., the fit
is performed for the total remaining length of the
stripe 20◦ < ` < 340◦. In the following, the region
−20◦ < ` < 20◦ will be refered to as the FBs region
of interest (ROI). Bright PSs are masked with the
mask described in Section 3.1.
After we fit the model in each latitude stripe,
we interpolate it inside the bubbles ROI. The in-
tensity of the model energy flux integrated in three
energy ranges is shown in Figure 3, while the resid-
uals after subtracting the model from the data are
presented in Figure 4. The FBs are clearly visible
in the first two energy ranges, E = 1− 10 GeV and
E = 10 − 100 GeV. For E = 100 GeV − 1 TeV the
statistics are low, but one can still see an excess
near the GP. There are other regions of large resid-
uals in the Galactic plane as well as at high lati-
tudes. These are diffuse and point-like sources with
spectra harder than the average spectra of Galactic
and extragalactic sources. In particular, there is a
residual in diffuse emission along the Galactic plane
within |`| . 60◦ at energies below 100 GeV. This
residual can be due to IC emission, which has a
harder spectrum than the average spectrum of the
pi0 component, or to a harder spectrum of cosmic
rays in the inner Galaxy (Gaggero et al. 2015; Acero
et al. 2016; Yang et al. 2016), or to a population of
hard PSs in the Galactic plane in the inner parts of
the Galaxy. At energies above 100 GeV the residu-
als are resolved into localized sources, some of which
are extended. Apart from the Galactic foreground
and background components, there are gamma rays
emitted by the interactions of CRs with the Sun
and its radiation field (Abdo et al. 2011b) and the
Moon (Ackermann et al. 2016). The intensities of
the emission from the Sun and the Moon are about
an order of magnitude less than the intensity of the
emission from the FBs. As a result, these compo-
nents are not visible on the residual maps at ener-
gies above 10 GeV.
3.3. Rectangles model of the bubbles
In the previous subsection, we exclude the ROI of
the FBs. In this subsection, we perform the fit over
the whole sky and model the emission from the FBs
using rectangles. In order to explore the east-west
asymmetry of the FBs, we introduce two rectan-
gular templates in each latitude stripe b and en-
ergy bin E: one east, ` ∈ (0◦, 20◦), and one west,
` ∈ (−20◦, 0◦), of the GC. The width of the rect-
angles is 4◦, i.e., the same as the width of the lati-
tude stripes. We use the same foreground model as
in Section 3.2 plus the isotropic template. Overall,
the model has four terms in each energy bin:
Mb(E, i) = kb(E) · N˜ lowb (E, i) + cb(E) · τ(E, i)
+Reastb (E)S
east
b (i) +R
west
b (E)S
west
b (i).
(3)
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where the scaling parameters kb(E) and cb(E) and
the FBs model parameters Reastb (E) and R
west
b (E)
are determined independently in each 4◦ latitude
stripe and in each energy bin E > 1 GeV by fit-
ting the model to the smoothed Fermi-LAT data
(see Section 3.2 for details on the smoothing of
the data). Seastb (i) and S
west
b (i) are step function
templates, which are equal to 1 in each latitude
stripe b for 0◦ < ` < 20◦ and 0◦ > ` > −20◦
respectively and 0 otherwise. The energy fluxes of
the model and the residuals integrated in the range
E = 10− 100 GeV are shown in Fig. 5.
3.4. GALPROP model of the foreground and PS
refitting
In this section we fit the gamma-ray data us-
ing a model derived with the GALPROP Galac-
tic cosmic-ray propagation code v54.1. The model
for the diffuse emission components is the same
as the Sample model in Ackermann et al. (2017).
In particular, we use the GALPROP code to cal-
culate templates for the Galactic diffuse emission
components. We determine 5 templates in each en-
ergy bin for gamma rays produced in interactions
of hadronic CR with gas and bremsstrahlung emis-
sion corresponding to 5 Galactocentric rings: 0 –
1.5 kpc, 1.5 – 3.5 kpc, and 3.5 – 8 kpc; 8 – 10 kpc,
and 10 – 50 kpc. We assume propagation halo height
of 10 kpc and radius of 20 kpc and spin tempera-
ture 150 K. We use 3 inverse Compton templates
corresponding to the three ISRF components: cos-
mic microwave background (CMB), infrared (IR)
emission of dust, and starlight (SL). In addition to
GALPROP templates, we use a flat template for
the Fermi bubbles at latitudes |b| > 10◦ (Acker-
mann et al. 2014). We model the Loop I feature
using a geometric template (e.g., Figure 2 of Ack-
ermann et al. 2014) based on a polarization sur-
vey at 1.4 GHz (Wolleben 2007). Templates for the
gamma-ray emission from the Sun and the Moon
(Orlando & Strong 2008; Abdo et al. 2011b; Jo-
hannesson et al. 2013; Ackermann et al. 2016) are
obtained with the Fermi Science Tools7. We also
include, as a GC excess template, DM annihilation
with a generalized Navarro-Frenk-White (gNFW)
profile with index γ = 1.25 (Goodenough & Hooper
2009; Abazajian et al. 2014; Calore et al. 2015) and
scaling radius rs = 20 kpc, as well as the isotropic
7 http://fermi.gsfc.nasa.gov/ssc/data/
analysis/scitools/solar_template.html
template to model the non-resolved extragalactic
sources.
For the PS, we add sources from the 3FGL cat-
alog (Acero et al. 2015) to form a template in each
energy bin. We create independent templates for
the Large Magellanic cloud and the Cygnus region.
The remaining extended sources are also added in a
separate template. The spatial templates for the ex-
tended sources are provided by the 3FGL catalog.
The PS mask in this section is different from the
mask that we have used in the previous sections.
We mask the 200 sources with largest flux above 1
GeV outside a 10◦ circle from the GC. Each source
is masked with a circle of δ√
2
+1◦ radius (δ = 0◦.46 is
the characteristic size of the pixels), which is larger
than the radius of δ√
2
+0◦.5 used in the previous sec-
tions. We do not mask PS within 10◦ from the GC.
Instead, we include independent templates for 40
sources with largest flux between 10 and 100 GeV
taken from the column “Flux10000_100000” in the
3FGL catalog. Each source is fit in each energy bin
independently, i.e., we do not use the spectral in-
formation from the 3FGL catalog. In Figure 6 we
show the residual emission plus the Fermi bubbles
model and the gNFW model summed over energies
between 10 and 100 GeV. Due to the model having
more free parameters in the Galactic plane relative
to the models considered in the previous sections,
there are fewer positive residuals in the Galactic
plane. There are, however, negative residuals in sev-
eral locations, which indicates errors in the model.
In particular, there is a rather significant negative
residual to the east of the GC. Nonetheless, the FBs
are clearly visible as well as the bright emission at
the base of the FBs which also displays a shift to
negative longitudes relative to the GC.
4. Morphology and spectrum of the
gamma-ray emission at the base of the
FBs
4.1. Latitude and longitude profiles
In order to quantitatively estimate the difference
in the intensity of the emission of the FBs at high
and at low latitudes, as well as the asymmetry of
the gamma-ray emission at the base of the FBs,
we plot the latitude profiles to the east and to the
west of the GC. In Figure 7 we show the profiles
of the energy flux between 10 – 100 GeV as a func-
tion of the Galactic latitude for different models of
Galactic foreground emission. For the low-energy
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Fig. 5: Energy flux of the diffuse model excluding the rectangles model of the FBs (top left), the rectangles
model of the FBs (top right), the residual after subtracting the total model (bottom left), and residuals
plus the rectangles model of the FBs (bottom right) derived in Section 3.3 integrated between 10 and
100 GeV.
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Fig. 6: Energy flux of the background model based on rescaled GALPROP templates (left) and of the
residuals plus the FBs and the gNFW component (right) derived in Section 3.4 integrated between 10
and 100 GeV.
model, the profiles show the residual gamma-ray
emission, for the rectangles model – the intensity
of the rectangles templates model. In case of the
GALPROP model, we show the sum of the resid-
ual emission, the FBs template, and the GC excess
template, as described in Section 3. For comparison
we show the latitude profile of the total gamma-ray
data (excluding pixels in the PS mask). For positive
longitudes, some models overpredict the gamma-ray
data near the GP, which leads to negative residuals.
For negative longitudes, there is an increase of flux
at the base of the FBs by at least a factor of 2 to
6 for all models relative to the gamma-ray emission
from the FBs at high latitudes. The results for the
GALPROP model differ from the low-energy and
rectangles model in the Galactic plane by a factor
of 2 to 3. This is due to additional freedom in the
GALPROP model related to the usage of several
templates in the Galactic plane.
In Figure 8 we show the longitude profiles of
the residual flux for the background model based on
low-energy data. The excess at ` ≈ −13◦ for |b| < 2◦
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is probably due to residual emission around the RX
J1713 SNR (Abdo et al. 2011a). Consequently, we
do not consider it as a part of the emission at the
base of the FBs. We associate the excess between
−8◦ . ` . −2◦ to the base of the FBs. In this pa-
per, we use ` ∈ (0◦, −10◦) and |b| < 6◦ in the calcu-
lations of the spectrum of the gamma-ray emission
at the base of the FBs.
4.2. Comparison of the spectra at different latitudes
In this section we quantify the hardening of the
gamma-ray spectrum at the base of the FBs.
We first compare the spectral energy distribution
(SED) of the emission at the base of the FBs for
different foreground models in Figure 9. The dif-
ferential flux is averaged over regions to the east,
` ∈ (0◦, 10◦), and to the west, ` ∈ (−10◦, 0◦), of
the GC in a thin stripe covering the Galactic plane
b ∈ (−2◦, 2◦). For comparison, we show the to-
tal data (excluding pixels masked by the PS mask)
and, on the plot for ` ∈ (−10◦, 0◦), the difference
in the data west minus east of the GC.
For negative longitudes, all models give simi-
lar results. The differential flux of the GALPROP
model is smaller than the differential flux of the
other models above 10 GeV, which is consistent
with the profile plots in Figure 7. The difference
of the data west minus east of the GC is similar to
the fluxes at the base of the FBs in the low-energy
model and in the rectangles model. The spectra at
positive longitudes show large oversubtractions and
softer spectra.
To compare the behavior of the energy spectra
at high energies for different latitudes, we fit a log-
parabola plus the fixed foreground model counts to
the total smoothed gamma-ray counts in each lati-
tude stripe using the likelihood based on the gamma
distribution. We use the following parametrization
of the log-parabola function:
f(E) = N0
(
E
1 GeV
)−α−β ln(E/1 GeV)
. (4)
The local “index” of the spectrum at energy E is
n ≡ − d ln f
d lnE
= α+ 2β ln
(
E
1 GeV
)
. (5)
In Figure 10 we show this log-parabola index n
as a function of latitude at E = 500 GeV. We
plot (2 − n), which corresponds to the SED index.
For positive longitudes, the index is relatively soft
(n > 2) for most of the latitudes except high lati-
tudes where the gamma-ray statistics are small. For
negative longitudes (i.e., West), the index near the
GC is significantly harder (n ≈ 2) than the index
at higher latitudes.
4.3. Parametric model of the gamma-ray spectrum
at low latitudes
In this section we study the spectrum at the base of
the FBs at latitudes |b| < 6◦. As a baseline model
we use the rectangles model of the FBs. We compare
a power-law model of the energy spectrum with a
power-law and an exponential cutoff model
dN
dE
= N0
(
E
1 GeV
)−n
e−E/Ecut . (6)
We fit the spectral model added to the fixed back-
ground to the total gamma-ray data counts. The
best-fit parameters for the rectangles model are re-
ported in Table 1. If the improvement in 2∆ logL
is less than 1, then we report the power-law model
parameters (it turns out that the improvement in
2∆ logL is less than 0.1 in the cases when the cutoff
is not significant). For the model with a cutoff, we
also find the 95% statistical confidence lower limit
for the cutoff energy. In the last column we report
the minimum among the 95% confidence lower lim-
its for the three models considered in the paper (the
low-energy data model, the rectangles model, and
the GALPROP templates model). The spectrum of
the residuals including the FBs at ` ∈ (−10◦, 0◦) is
consistent with a power law with an index 2.1− 2.2
up to E ≈ 1 TeV. The 95% confidence lower limit on
the cutoff energy is ∼ 500 GeV for latitudes |b| < 6◦
within −10◦ < ` < 0◦.
As one can see from the spectra in Figure 9,
there are large (relative to statistical uncertainty)
fluctuations in some of the models. These fluctua-
tions are due to modeling uncertainty of the Galac-
tic diffuse emission. As a result, a fit with a sim-
ple function may be sensitive to the starting point
(there can be several local minima). In the GAL-
PROP model of the foreground, we also had to con-
strain the range of the index of the FB’s spectrum
between 1.5 and 2.5 in the derivation of the 95%
confidence lower limit on the cutoff energy.
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Fig. 7: Latitude profiles of the energy flux between 10 and 100 GeV for the total data excluding the PS
mask and for the FBs models for different foreground diffuse emission models to the east and to the west
of the GC.
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Fig. 8: Longitude profiles of the energy flux between 10 and 100 GeV and between 100 GeV and 1 TeV
for the residuals in the low-energy data background model (Section 3.2).
Table 1: Best-fit parameters of the gamma-ray spectrum and the significance of the cutoff for the rectangles
model of the FBs. Ecut,95% is the statistical 95% confidence lower limit on the energy cutoff of the FBs
spectrum, Emincut,95% is the minimal 95% statistical lower limit among the models of the FBs in Sections
3.2 – 3.4. There are four cases when the introduction of a cutoff does not lead to improved fit: in all of
these cases 2∆ logL < 0.1 while the formal best-fit values of Ecut are larger than 1 TeV.
Lat Lon N0 n Ecut 2∆ logL Ecut,95% Emincut,95%
10−6 GeV−1cm−2s−1sr−1 GeV GeV GeV
(2◦, 6◦) (0◦, 10◦) 1.5± 0.3 1.9± 0.1 45± 17 4.8 25 25
(−10◦, 0◦) 3.1± 0.4 2.2± 0.05 − < 0.1 510 510
(−2◦, 2◦) (0◦, 10◦) 6.4± 1.1 2.3± 0.09 − < 0.1 300 2.4
(−10◦, 0◦) 7.9± 0.7 2.1± 0.04 − < 0.1 1000 600
(−6◦,−2◦) (0◦, 10◦) 2.5± 0.4 2.1± 0.07 260± 150 3.8 130 2.3
(−10◦, 0◦) 4.0± 0.3 2.2± 0.04 − < 0.1 560 560
4.4. IC model of the gamma-ray emission
In this section we model the gamma-ray emis-
sion at the base of the FBs with an IC scatter-
ing model. The SED of the gamma-ray intensity is
parametrized as
E2γ
dFγ
dEγ
=
Eγc
4pi
∫
dnhν
dEhν
σIC
dΣe
dEe
dEhν dEe, (7)
where dΣedEe =
∫ dne
dEe
dR is the column density of CR
electrons integrated along the line-of-sight distance
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Fig. 9: SEDs of the gamma-ray data, of the residuals (“LowE” model), rectangles model of the FBs
(“rectangles” model), residuals plus FBs model plus gNFW DM annihilation template (“GALPROP”
model), and of the difference in the data west minus east of the GC (excluding pixels in the PS mask).
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Fig. 10: Index of the log-parabola defined in Equation (5) at E = 500 GeV as a function of latitude for
the FBs in the different foreground diffuse emission models.
R, dnhνdEhν is the number density of ISRF photons
of energy hν, and σIC(Eγ , Ehν , Ee) is the differen-
tial IC scattering cross section in units of Eγ dσdEγ
(Blumenthal & Gould 1970). For details on the
parametrization of σIC see Appendix B of Acker-
mann et al. (2014). The ISRF number density for
SL and IR photons is taken from Porter et al.
(2008) (available with the distribution of GAL-
PROP v54.1), assuming that the emission at the
base of the FBs is near the GC. For the CMB,
we use the thermal spectrum with a temperature
of 2.73 K. There is a significant uncertainty in the
Galactic ISRF energy density near the GC (e.g.,
Popescu et al. 2017; Porter et al. 2017; Nieder-
wanger et al. 2019). We find (Appendix C) that this
uncertainty can lead to a factor ∼ 3 uncertainty in
the overall normalization of the inferred CR elec-
trons (CRe) energy density. Additional uncertainty
on the CRe distribution and the associated IC emis-
sion comes from the distribution of the Galactic
magnetic field (e.g., Orlando 2018, 2019). We model
the column density of electrons as a power law with
a cutoff
dΣe
dEe
= ne
(
Ee
1 GeV
)−γe
e−Ee/Ecut . (8)
In order to determine the normalization ne, the
spectral index γe, and the cutoff Ecut, we fit the IC
model of the FBs plus the (fixed) foreground model
counts to the total smoothed gamma-ray counts
in different latitude stripes using likelihood based
on the gamma distribution. As a baseline case, we
take the gamma-ray spectrum derived in the rect-
angles model of the FBs in Section 3.3. The best-fit
spectra for the rectangles model of the bubbles are
shown in Figure 11 in latitude stripes b ∈ (2◦, 6◦),
b ∈ (−2◦, 2◦) and b ∈ (−6◦,−2◦). If the improve-
ment in 2∆ logL with and without the cutoff is less
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than 0.1, then we show only the parameters for the
power-law model without a cutoff. For example, for
negative longitudes the cutoff is not significant.
The 95% statistical lower limit on the cutoff en-
ergy for the rectangles model and the minimum
among the three models presented in Sections 3.2 –
3.4 of the 95% confidence lower limits for the cut-
off energy are presented in Table 2. For negative
longitudes, the 95% confidence lower limit on the
cutoff in the spectrum of electrons in the rectangles
model is about 4 TeV, while the minimal value of
the 95% confidence limit for the three models of the
foreground emission is about 3 TeV.
4.5. Hadronic model of gamma-ray emission
In the hadronic model, the gamma rays are pro-
duced as a result of collisions of hadronic CR with
the interstellar gas. The gamma-ray intensity in the
hadronic model is parametrized as
E2γ
dFγ
dEγ
=
Eγ
4pi
∫
nH σpvp
(
dΣ
dT
)
p
dTp, (9)
where
(dΣ
dT
)
p =
∫ ( dn
dT
)
p dR is the column density
of CR protons, vp is the velocity of the protons,
Tp =
√
(qc)2 + (mpc2)2 − mpc2 is the kinetic en-
ergy of the protons as a function of momentum q,
σp(Eγ , Tp) is the differential cross section in units of
Eγ
dσ
dEγ
for gamma rays in proton-proton collisions
(Kamae et al. 2006; Karlsson & Kamae 2008), and
nH is the density of gas. We will use nH = 1 cm−3
as a reference density, which is comparable with
the gas surface density of ∼ 30Mpc−2 (Miville-
Deschênes et al. 2017) averaged over the approxi-
mate height of the enhanced emission at the base of
the bubbles, e.g.,∼ 900 pc above and below the GC.
Since most of the gas density is concentrated within
100 – 200 pc from the midplane (e.g., Sofue 2013;
Miville-Deschênes et al. 2017), the gas density in
the plane near the GC is 5 – 10 cm−3, which is con-
sistent with the enhancement of the intensity of the
emission at the base of the FBs at ` = 0◦. We model
the proton spectrum as a power law of the momen-
tum dΣdqc = npq
−γp (note, that vp dΣdTp = c
dΣ
dqc ).
We fit the hadronic model of the gamma-ray
emission at the base of the FBs analogously to the
leptonic model in Section 4.4. The dash-dotted line
in Figure 11 represents the best-fit hadronic spec-
trum (labeled as pi0). The index of the proton spec-
trum is relatively hard γp . 2.3, especially to the
west of the GC.
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Fig. 11: SEDs of the rectangles model of the
FBs in the latitude stripes (2◦, 6◦), (−2◦, 2◦) and
(−6◦,−2◦) for negative (blue) and positive (red)
longitudes. We compare the parametric model of
the SED with the leptonic (Section 4.4) and the
hadronic (Section 4.5) models.
We calculate the significance of a cutoff in the
CR proton spectrum by adding an exponential cut-
off factor and refitting the model to the gamma-ray
data. The improvement in the model and the 95%
confidence lower bound on the cutoff values are pre-
sented in Table 3. Within ±6◦ from the Galactic
plane west of the GC, the 95% confidence level for
the lower bound on the cutoff among the models of
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Table 2: Energy cutoff values and the significance of the cutoff in the IC model of the FBs at low latitudes.
The lower bounds for Ecut at the 95% confidence level for our baseline model and the minimum among
the models presented in Sections 3.2 – 3.4 are shown in the last two columns respectively.
Lat Lon 2∆ logL Lower bound on Ecut (TeV)
Rectangles model All models
(2◦, 6◦) (0◦, 10◦) 2.6 0.20 0.17
(−10◦, 0◦) < 0.1 4.0 4.0
(−2◦, 2◦) (0◦, 10◦) < 0.1 1.4 0.01
(−10◦, 0◦) < 0.1 13 2.9
(−6◦,−2◦) (0◦, 10◦) 1.1 0.82 0.03
(−10◦, 0◦) < 0.1 7.0 7.0
the foreground emission that we have considered in
Sections 3.2 – 3.4 is about 6 TeV.
4.6. Summary of the spectral analysis
In Figure 12 we show the envelopes of the gamma-
ray spectra at |b| < 2◦ of the emission at the base of
the FBs for the models of foreground emission that
we have considered, including the models where we
change the selection of the low energies in the defi-
nition of the foreground emission model (Appendix
A). In order to determine the maximal and minimal
models of the FBs in the Galactic plane, we fit the
maximal and minimal points in the envelope above
3 GeV with a power law with a cutoff function (we
fit above 3 GeV because some of the models of the
foreground emission in Appendix A are determined
for energies between 1 and 2.2 GeV). The corre-
sponding parameters are reported in the first row
of Table 4. We also fit the IC and hadronic models
to the maximal and minimal points in the envelope
and report the corresponding parameters in Table
4.
5. Intepretation
The bright and hard gamma-ray emission at the
base of the bubbles can be at any position along
the line of sight. In this section we consider two
characteristic scenarios: that the emission is near
the GC or that the emission is produced by one or
a few SNRs closer to us.
5.1. Emission near the GC scenario
In the estimates in this subsection we use the fol-
lowing characteristic sizes: the distance to the GC
is 8.5 kpc, the size of the region with the enhanced
gamma-ray emission interpreted as an additional
population of CR: −10◦ < ` < 0◦ and |b| < 6◦.
If we assume that the geometry of the region is a
simple box, then the size of the box along the GP is
1.5 kpc, while the half-size in the vertical direction
(distance from the GP to the boundary) is ∆h = 0.9
kpc. The total gamma-ray luminosity in this case
can be estimated by summing the data points in
the rectangles model in Figure 11 for |b| < 6◦, which
yields the luminosity of L = 1.1×1037erg s−1 above
1 GeV.
One of the most intriguing features of the
gamma-ray spectrum at the base of the FBs is
the absence of a significant cutoff up to 1 TeV
and an inferred hard spectrum of underlying elec-
trons or protons. In particular, if the emission orig-
inates in hadronic interactions, the spectrum of
the CR protons (CRp) is ∼ E−2.2 which is sig-
nificantly harder than the propagated spectrum
∼ E−2.5−2.7 observed both locally (e.g., Casand-
jian 2015; Remy et al. 2017; Neronov et al. 2017;
Prokhorov & Colafrancesco 2018) and throughout
the Galactic plane (e.g., Gaggero et al. 2015; Acero
et al. 2016; Yang et al. 2016; Aharonian et al. 2018).
Although there is a hardening of the spectrum of
CR in the inner rings of the Galaxy and near the
GC, the inferred spectra of the CR at the base of
the FBs are significantly harder than the propa-
gated spectra of the CR in the inner rings and near
the GC (Gaggero et al. 2015; Acero et al. 2016;
Yang et al. 2016; Aharonian et al. 2018). We as-
sume that the CRp spectrum at the base of the
bubbles is equal to the injection spectrum unaf-
fected by the propagation softening. This is possi-
ble if the CRp were injected relatively recently and
had insufficient time to escape from the region of
the enhanced emission, i.e., the age of the CRp is
less than the propagation time to cross the vertical
distance of 0.9 kpc. If we assume a spatially con-
stant diffusion coefficient D(E) = D0
(
E
1 GeV
)δ with
D0 = 3× 1028 cm2/s = 100 pc2/kyr and δ = 0.4
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Table 3: Energy cutoff values and the significance of the cutoff in the hadronic model of the FBs at low
latitudes. The lower bounds for Ecut at the 95% confidence level for our baseline model and the minimum
among the models presented in Sections 3.2 – 3.4 are shown in the last two columns respectively.
lat lon 2∆ logL Lower bound on Ecut (TeV)
Rectangles model All models
(2◦, 6◦) (0◦, 10◦) 4.4 0.88 0.48
(−10◦, 0◦) < 0.1 7.4 7.4
(−2◦, 2◦) (0◦, 10◦) < 0.1 3.8 0.023
(−10◦, 0◦) < 0.1 29 6.3
(−6◦,−2◦) (0◦, 10◦) 2.7 1.6 0.05
(−10◦, 0◦) < 0.1 12 12
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Fig. 12: SED of the FBs in the Galactic plane. The shaded areas show the envelope of the FB’s spectra in
all foreground models considered in the paper including the changes in the choice of the low-energy range
to model the foreground emission (discussed in Appendix A). The lines show the fits to the maximal and
minimal points in the envelopes above 3 GeV.
Table 4: Summary of the min and max models for the parametric, IC and hadronic models of the FBs
for |b| < 2◦ and −10◦ < ` < 0◦. For the parametric model, we report the energy spectrum of the gamma
rays, for the IC model we report the column density of the electrons’ spectrum as a function of energy,
while for the hadronic model – the column density of the protons’ spectrum as a function of momentum.
The spectra are normalized at E0 = 1 GeV. The last column shows the statistical 95% confidence lower
limit on the cutoff, Ecut,95%.
Model Type norm index cutoff Ecut,95%
TeV TeV
Parametric, dNγdE
[
GeV−1 cm−2 s−1
] max 7.8× 10−6 2.09 – 0.99
min 1.4× 10−6 2.01 0.16 0.04
IC, dΣedE
[
GeV−1 cm−2
] max 3.4× 1010 2.67 – 19
min 1.3× 1010 2.81 7.2 0.96
Hadronic, dΣpdqc
[
GeV−1 cm−2
] max 9.5× 1011 2.13 – 65
min 1.1× 1011 1.98 1.8 0.23
(Strong et al. 2007), then the escape time for the
protons at E > 6 TeV is
Tesc <
∆h2
2D(E)
≈ 100 kyr. (10)
This gives us an approximate upper bound on the
age of the proton CR, assuming that the diffusion
coefficient near the GC is similar to the diffusion
coefficient near Sun. The escape time can be sig-
nificantly longer, if the diffusion length near the
GC is smaller than the local one or if the CR are
confined by a particular configuration of magnetic
fields. The CRp energy density within |b| < 6◦ in
the rectangles model of the FBs (Section 4.5) nor-
malized to the reference density of nH = 1 cm−3 is
dEtot/dV = 360 meV cm−3 above 1 GeV. In Fig-
ure 13 (left), we compare the corresponding flux to
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the local CRp flux. The total energy in CRp within
|b| < 6◦ is Etot = 7× 1052 erg. This population
of CRp can be obtained from ∼ 700 SNe, assum-
ing that on average SNe inject ∼ 1050 erg in CRp,
which corresponds to about 10% efficiency of CR
acceleration by a SN with kinetic energy ∼ 1051
erg (e.g., Spurio 2015). There are several popula-
tions of young stellar objects near the GC (Yusef-
Zadeh et al. 2009; Immer et al. 2012), in particular
there is a population of stars close to the GC with
an age of about 6 Myr (Paumard et al. 2006). If we
assume that the rate of SNe in the Galaxy is about
one per century and that the GC region contributes
at the level of a few percent to the total rate, e.g.,
a few SNRs per 10 kyr, then the 700 SNRs can be
produced near the GC in the past few million years.
The best-fit spectrum of CRe is ∼ E−2.7, which
is softer than the spectrum of the protons. Nonethe-
less, this spectrum is harder than the spectrum ex-
pected in the presence of cooling for a stationary
population of CRe. Thus, unless the injection spec-
trum is harder than E−2, the population of the CRe
at the base of the bubbles is not affected by cool-
ing up to 3 TeV, which is the 95% confidence min-
imal lower bound on the cutoff in the CRe (Table
2). The cooling time for the electrons at 3 TeV is
Tcool ≈ 200 kyr, which is comparable to the diffu-
sive escape time from the ±900 pc volume around
the GP at 3 TeV. The cooling time can have a fac-
tor ∼ 3 uncertainty due to the uncertainties in the
ISRF near the GC (see Appendix C).
The energy density in electrons with energies
above E0 = 1 GeV, which is necessary to produce
the gamma-ray emission in the rectangles model of
the FBs (Section 4.4), is 4.0 meV cm−3. In Figure
13 (right), we compare the corresponding flux to the
local CRe flux. The total energy content of the ROI
in electrons above 1 GeV is Etot = 3× 1051 erg,
which corresponds to the CR energy output of
3000 SNe assuming a 0.1% efficiency in converting
the SNR kinetic energy to CRe energy. The ratio
of the electron and proton acceleration efficiencies
Ke/p = 10
−2 assumed here is relatively optimistic,
given that the ratio of efficiencies can be as low as
∼ 10−3 (e.g., Park et al. 2015). Similar efficiencies
of Ke/p ∝ 10−2 can be expected in the acceleration
of electrons and protons in jets from supermassive
black holes (e.g., Ball et al. 2018). Since the escape
time is comparable to the electron cooling time and
the required number of SNe in the hadronic sce-
nario is smaller than the number of SNe in the lep-
tonic scenario (for the ratio of acceleration efficien-
ciesKe/p . 10−2), we conclude that the majority of
the gamma-ray emission near the base of the FBs is
likely to be produced by the hadronic interactions
of CRp with the gas. The presence of the hadronic
production of gamma rays at the base of the FBs,
without any sign of a cutoff up to gamma-ray en-
ergies of 1 TeV, is important for the detectability
of the associated neutrino signal by neutrino tele-
scopes, Figure 14 (see also Razzaque & Yang 2018).
5.2. A nearby SNR or a superbubble scenario
In this subsection we discuss models where the hard
and bright gamma-ray emission at the base of the
FBs is created either by a single SNR or several
SNRs at a distance closer than the distance to the
GC. We start with a single SNR scenario. For the
leptonic model we use the local ISRF and calculate
the IC emission as described in Section 4.4. Assum-
ing one SNR, we find a distance of 50 pc. The radius
of an SNR corresponding to 6◦ circle at a distance of
50 pc is about 5 pc. Provided that the SNR would be
rather close to Earth, it should be detected in radio
and X-ray observations, however no suitable candi-
dates are currently known (Green 2014, 2017). For
the hadronic model of the gamma-ray emission, we
assume the local gas density of 1 cm−3. At the GC,
we need about 700 SNRs for this reference gas den-
sity; thus the distance where a single SNR can ex-
plain the excess emission is d = 8.5 kpc√
700
≈ 300pc. We
can compare the flux from the low-latitude bubbles
with the emission of a known SNR, such as Tycho’s
SNR. The differential energy flux of Tycho’s SNR
at 10 GeV is E2dF/dE ≈ 10−6 MeV cm−2s−1 (Ar-
chambault et al. 2017). The solid angle of the ROI of
10◦×12◦ at the base of the FBs is Ω ≈ 0.037 sr. If we
assume that Tycho’s SNR is at a distance of 3 kpc,
then the average intensity inside Ω at a distance of
300 pc is E2dN/dE ≈ 2.7×10−6GeV cm−2s−1sr−1,
which is comparable to the FBs emission at lati-
tudes |b| < 6◦ (e.g., Figure 12). The radius of Ty-
cho’s SNR is about 3.5 pc (for the angular diameter
of 8′ at 3 kpc), while the radius corresponding to
6◦ angular size at 300 pc is about 30 pc, which is
almost 10 times larger than the radius of Tycho’s
SNR. If we assume that only the core of the emis-
sion at the base of the FBs within |b| < 2◦ corre-
sponds to an SNR, the corresponding linear size is
≈ 10 pc (for the same distance of 300 pc). There are
several SNRs in Green’s catalog (Green 2014, 2017)
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Fig. 13: Proton (left) and electron (right) spectra fitted to the gamma-ray emission at the base of the
FBs. Solid lines show the best-fit spectra in the rectangles model of the FBs. The shaded bands represent
the systematic uncertainties, estimated from the maximal and minimal best-fit FBs spectra among the
foreground models. Uncertainties in the ISRF energy density near the GC result in an additional factor
of ∼ 2 uncertainties in the CRe energy density (see Appendix C for details). For comparison with the
local CR spectrum, we show the local fluxes of CRp measured by AMS-02 (Aguilar et al. 2015) and
CRe measured by H.E.S.S. (Aharonian et al. 2008), AMS-02 (Aguilar et al. 2014), Fermi-LAT (Abdollahi
et al. 2017), and DAMPE (Ambrosi et al. 2017). The error bars represent the systematic and statistical
uncertainties added in quadrature.
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Fig. 14: Comparison of the hadronic model of the gamma-ray emission at the base of the FBs with the
sensitivities of CTA and KM3NeT for a source with 2◦ radius (Ambrogi et al. 2018). The min and max
models correspond to the min and max models in the hadronic scenario in Table 4 (for the max model
we assume a cutoff in the proton spectrum at 1 PeV) integrated over a 2◦ circle to transform intensity
to flux. The KM3NeT sensitivity is for muon neutrinos only. In estimating the sensitivity, we take into
account that the GC is below the horizon for about 2/3 of the time at the KM3NeT location in the
Mediterranean Sea.
between −10◦ < ` < 0◦, but all of them have rela-
tively small angular diameters . 30′. Thus a single
SNR is not a plausible scenario for the emission at
the base of the FBs, unless this SNR is missing in
Green’s catalog.
Another possibility is that the emission at the
base of the FBs is created by several SNRs and / or
wind from massive stars, similar to the Cygnus co-
coon (Ackermann et al. 2011) or the Loop I and the
local superbubbles (Smith & Cox 2001; Breitschw-
erdt & de Avillez 2006; Wolleben 2007; Breitschw-
erdt et al. 2016; Schulreich et al. 2018; Dickinson
2018; Shchekinov 2018). The Cygnus cocoon (Ack-
ermann et al. 2011) has a radius of about 2◦, which
at a distance of 1.4 kpc, corresponds to a radius of
about 50 pc. If a Cygnus-like region is responsible
for the emission within |b| < 6◦ at the base of the
FBs, then such region should be at a distance of
about 500 pc. If only the core of the high-intensity
region within |b| < 2◦ is explained by such a cocoon,
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Fig. 15: Comparison of the min and max models of
the residual flux at the base of the FBs with the
Cygnus cocoon spectrum. The min and the max
models are the same as in Figure 14. For the 3FGL
spectrum we take the power-law parameters from
the catalog (Acero et al. 2015) and add a cutoff
in the gamma-ray spectrum at 10 TeV so that the
SED is consistent with the Milagro source MGRO
J2031+41 at 20 TeV (Abdo et al. 2007). The purple
squares represent the measurement of the flux from
the Cygnus cocoon by the Fermi-LAT collaboration
(Ackermann et al. 2011).
then the distance would be similar to the distance
to the Cygnus cocoon, i.e., about 1.4 kpc. In Fig-
ure 15 we compare the gamma-ray intensity at the
base of the FB integrated over a 2◦ circle to the
flux from the Cygnus cocoon (Abdo et al. 2007;
Ackermann et al. 2011). The flux in the max model
is comparable (within a factor of 2) to the flux from
the Cygnus cocoon between 1 and 100 GeV.
Massive stars, which can inflate cocoons or su-
perbubbles by stellar winds and SN explosions,
are usually found in young open stellar clusters.
There are several young open stellar clusters in
the direction of the base of the FBs, i.e., within
−10◦ < ` < 0◦. For example, clusters Trumpler
27 (Moffat et al. 1977) or NGC 6383 (Lloyd Evans
1978) contain more than 10 massive OB stars, have
an age of about 10 Myr, and an estimated distance
of 1.2 kpc and 1 kpc, respectively, in the direction
of ` ≈ 356◦, b ≈ 0◦. There is also a cluster NGC
6405 (Rohlfs et al. 1959), which has a smaller es-
timated distance of about 500 pc but an older age
∼ 100 Myr. The turbulence created by winds from
the massive stars as well as the past SNRs in these
clusters can (re)accelerate cosmic rays and it would
also lead to smaller diffusion length, which would
prevent the escape of CR on timescales shorter than
a few Myr (Ackermann et al. 2011). There are rel-
atively few SNRs detected in gamma rays in that
area of the sky. In particular, there is only one SNR,
3FGL J1741.1−3053, in the 3FGL catalog (Acero
et al. 2015) between −10◦ < ` < 0◦. This SNR is
associated with the Tornado nebula at a distance of
12 kpc (Castro et al. 2013). Green’s catalog of SNRs
contains several SNRs between −10◦ < ` < 0◦, but
SNRs with measured distances are more than 4 kpc
away. The absence of detected SNRs in the direc-
tion of the base of the FBs at distances . 1.5 kpc
does not necessarily mean that there were no SNRs
in the open clusters mentioned above. A possible
reason is that the wind from the massive stars as
well as the first SNRs in the cluster create a hot
superbubble with smaller gas density than the av-
erage density in the Galactic plane. As a result, the
subsequent SNRs quickly expand in the less dense
environment until they reach the common envelope
of the superbubble. For instance, this is observed in
simulations of the formation of the local hot super-
bubble (Breitschwerdt et al. 2016; Schulreich et al.
2017, 2018). Whether the stellar clusters can pro-
vide the necessary CR injection rate to power the
gamma-ray emission at the base of the FBs deserves
a separate detailed study.
An interesting question is whether the FBs
themselves can be inflated by a Cygnus-like super-
bubble, which accidentally happened along the line
of sight towards the GC. If the FBs are at a distance
of about 1 kpc, then their vertical size is also about
1 kpc, which is 10 times smaller than the size of the
FBs at a distance of 8.5 kpc. In the leptonic scenario
of the FBs, the 1052 erg in CRe at 8.5 kpc (Acker-
mann et al. 2014) would correspond to 1050 erg at 1
kpc. This power can be provided by several hundred
SNe, which is a relatively large number, given the
few young stellar clusters at distances . 1 kpc in
the direction of the base of the FBs. This estimate is
based on an assumed 0.1% efficiency in acceleration
of CRe by SN shells; if there is an additional accel-
eration of the electrons by the turbulence either at
the base of the FBs or inside the high-latitude FB
volume, then the required number of SNRs would
be smaller.
The electrons can be delivered to the FBs vol-
ume by an outflow, possibly, created by the pres-
sure of the CR themselves (e.g., Jacob et al. 2018).
The measured red- and blue-shift velocities of the
gas outflow in the direction of the FBs are about
200 – 300 km/s, which imply the gas outflow from
the Galactic plane in a biconical model of the FBs
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with velocities & 900 km/s and an age of the out-
flow at the position above the GC about 6 – 9 Myr
(Fox et al. 2015; Bordoloi et al. 2017). If the dis-
tance is 10 times smaller, then the age would be
∼ 600 − 900 kyr, which is comparable to the cool-
ing time of 1 TeV electrons necessary to explain the
gamma-ray emission from the FBs at high latitudes
(Ackermann et al. 2014). Thus the gamma-ray emis-
sion at high latitudes could be explained by an IC
model with about 100 SNRs (or fewer if there is
re-acceleration of electrons) created ∼ 1 Myr ago,
while the bright and hard emission at the base of
the bubbles can be explained by the hadronic emis-
sion from about 10 SNRs. The actual age of the
CR is determined by the confinement within the
superbubble and can be also on the order of 1 Myr
or more. In this scenario, the star-forming region,
which can power the emission at the base of the FBs
and, possibly, the FBs themselves can be situated
in the Sagittarius arm at a distance of 1 – 1.5 kpc
in the direction of the GC.
6. Conclusions
In this paper we use 9 years of Fermi-LAT Pass 8
Source class data to study the gamma-ray emission
at the base of the FBs. We use different methods to
construct the foreground diffuse gamma-ray compo-
nents and to determine the properties of the resid-
ual gamma-ray emission at the base of the FBs.
We confirm the earlier findings that the emission
at the base of the FB has a higher intensity than
the FBs emission at high latitudes. The spectrum
at the base of the FBs is consistent with a single
power law without a cutoff up to about 1 TeV. The
emission is slightly displaced from the GC to nega-
tive longitudes, which favors a starburst scenario of
the bubbles formation, unless there is a mechanism
to shift the gamma-ray emission away from Sgr A*
in the SMBH scenario.
The gamma-ray emission at the base of the FBs
can be explained by either a hadronic or a leptonic
model of gamma-ray production with CR spectra
consistent with a power law without a cutoff. The
index of the CRe (CRp) spectrum is 2.6 – 2.9 (2.0
– 2.3). We derive the 95% confidence lower bound
on the cutoff in the CR electron and proton spectra
by selecting the lowest 95% statistical confidence
value among the models of the foreground emission
considered in Sections 3.2 – 3.4. Within |b| < 6◦ and
−10◦ < ` < 0◦, the 95% confidence lower bound on
the exponential cutoff in the CRe (CRp) spectrum
is about 3 (6) TeV.
If the location of the residual emission is near
the GC, then the total gamma-ray luminosity is
L ≈ 1037 erg s−1 and the required energy of CRe
(CRp) above 1 GeV is Ee = 3× 1051 erg (Ep =
7× 1052 erg). Although the total required energy
in CRe is smaller than in CRp, the efficiency of
acceleration of hadronic CR is expected to be sig-
nificantly higher than for leptonic CR. In particu-
lar, with 10% CRp acceleration efficiency, one needs
about 700 SNRs to explain the gamma-ray emission
in the hadronic scenario near the GC, while with
0.1% CRe acceleration efficiency, the required num-
ber of SNRs is 3000. For the GC scenario, the esti-
mated diffusive escape time and the electron cooling
time is ∼ 100 kyr. In this case one needs a relatively
high SN rate of one per ∼ 100 yr at the location of
the gamma-ray emission. If the average ISRF en-
ergy density is a factor of ∼ 2 lower or higher than
the ISRF in the reference model (Appendix C), then
both the cooling time and the required energy den-
sity of CRe will be a factor of ∼ 2 higher or lower
than in the reference model, which nevertheless re-
quires the same SN rate of one per ∼ 100 yr.
If the residual gamma-ray emission is produced
at a closer distance, e.g., at about 1 kpc by a
Cygnus-like cocoon or a superbubble in the Sagit-
tarius arm, then the required number of SNRs is
about two orders of magnitude smaller. For the su-
perbubble scenario, the characteristic linear size is
10 times smaller, which leads to 100 times shorter
diffusion time of a few kyr. This is shorter than the
lifetime of individual SNRs. Both in the GC and in
the superbubble scenarios, the age of the CR popu-
lation can be greater than the diffusion time if there
is an additional confinement by the SN shells or the
shell of a superbubble.
Apart from the question of the location of the
emission at the base of the FBs, one can revisit
the question of the location of the FBs themselves:
the FBs could have been inflated by a superbubble
about 1 Myr ago at a distance of 1 kpc from the
Sun. The CR in the past superbubble may create
a wind with velocities up to ∼ 1000 km/s, which
is sufficient to inflate a 1 kpc large bubble within
1 Myr so that the CR electrons in the wind do
not cool below 1 TeV and can explain the gamma-
ray emission from the FBs at high latitudes. The
gamma-ray emission at low latitudes is then ex-
plained (most naturally) by a hadronic scenario
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from a more recent starburst episode at about the
same location.
In the future, the bright and hard gamma-ray
emission at the base of the FB should be detectable
with CTA, or a version of the HAWC experiment
in the southern hemisphere (Mostafa et al. 2017;
Assis et al. 2017; Razzaque & Yang 2018). Obser-
vations with Cherenkov telescopes should detect or
constrain the cutoff energy in the gamma-ray spec-
trum in multi-TeV regime. In the hadronic scenario,
for a sufficiently high cutoff value of the CRp spec-
trum, e.g., around 1 PeV, the corresponding neu-
trino emission could be detected with the future
KM3NeT telescope.
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Appendix A: Modeling and systematic
uncertainties
In this appendix we study the dependence of the
spectrum of gamma-ray emission at the base of
the FB on the selection of the low-energy range
in the definition of the diffuse foreground model
and on the choice of the class of the events (Ultra-
CleanVeto vs. Source). We use the rectangles model
of the FB in Section 3.3 as our baseline. In this
model, the foreground emission template consists
of Source data integrated over the energy inter-
val 0.3− 1.0 GeV. To probe the dependence on the
choice of the low-energy range in the model, we pick
three non-overlapping energy ranges 0.3− 0.5 GeV,
0.5− 1.0 GeV, and 1.0− 2.2 GeV and use the same
analysis as for the baseline model. We also com-
pare with the spectra obtained using UltraClean-
Veto data both in the definition of the model at
low energies and in the analysis at high energies.
The residual spectra resulting from the different en-
ergy ranges and data classes are shown in Figure
A.1. The agreement among the models is reason-
ably good at E > 10 GeV, especially for negative
longitudes.
As one can see from Figure A.1, the highest-
energy spectral point for negative longitudes may
have an upward statistical fluctuation, which can
influence the conclusions about the lower limit in
the cutoff values. In order to test the dependence
on the highest-energy spectral point, we exclude
the energy bin 680 GeV − 1 TeV and repeat the
derivation of the best-fit parameters in the rectan-
gles model of the FBs. The results are presented
in Table A.1. Without the last data point, the four
areas with “infinite” cutoff energy have now a finite
cutoff, but with a significance 2∆ logL < 1, i.e.,
the models are still consistent with a simple power
law. The 95% confidence lower limit on the cutoff
value is also smaller for the dataset without the last
point, but in this case we are using the data up to
680 GeV rather than 1 TeV.
Appendix B: Gamma distribution as a
likelihood for smoothed data
In this appendix we show that smoothing the data
and using gamma distribution instead of the Pois-
son distribution is a reasonable procedure (at least
in the case when the scale of variations in the diffuse
emission is larger than the smoothing radius). We
split the log likelihood into a sum over areas with
size approximately equal to the smoothing scale and
neglect the correlation between the different areas
after smoothing the data. Suppose that one of these
areas has n pixels with random counts ki drawn
from a Poisson distribution with mean λ0 (here we
assume that the underlying diffuse flux is approxi-
mately constant within the smoothing radius). The
likelihood function for parameter λ is
L(λ) =
∏
i
λki
ki!
e−λ. (B.1)
The log likelihood is
logL =
n∑
i=1
(−λ+ ki log λ) + const. (B.2)
The maximum likelihood value λ∗ is determined
from
0 =
∂ logL
∂λ
= −n+ 1
λ
n∑
i=1
ki, (B.3)
which gives λ∗ = 1n
∑n
i=1 ki. The uncertainty is
1
σ2
= − ∂
2 logL
∂λ2
∣∣∣∣
λ=λ∗
=
n
λ∗
, (B.4)
which gives σ2 = λ∗/n.
If the smoothing radius is comparable to the size
of the region, then we can approximate the values ki
with the average in the region k˜i = k¯ = 1n
∑n
i=1 ki
(note that k˜i are not integers). We take the gamma
distribution for the likelihood function
L˜ =
∏
i
λk˜i
Γ(k˜i + 1)
e−λ. (B.5)
The log likelihood is
log L˜ =
n∑
i=1
(−λ+ k˜i log λ) + const. (B.6)
The maximum likelihood solution is the same as in
the Poisson case λ˜∗ = k¯ = λ∗. The uncertainty is
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Fig. A.1: SED of the residual in the rectangles model using Source class (dotted lines with markers) and
UltraCleanVeto class data (solid lines) in four different energy ranges used to determine the foreground
diffuse emission template. The baseline model, presented in Section 3.3, has the low-energy range in the
definition of the foreground model 0.3− 1.0 GeV (black squares).
Table A.1: Best-fit parameters of the rectangles model without the last energy bin: 680 GeV − 1 TeV.
The definitions of the columns are the same as in Table 1.
Lat Lon N0 n Ecut 2∆ logL Ecut,95% Emincut,95%
10−6 GeV−1cm−2s−1sr−1 GeV GeV GeV
(2◦, 6◦) (0◦, 10◦) 1.5± 0.4 1.9± 0.2 45± 22 6.8 25 25
(−10◦, 0◦) 3.0± 0.4 2.2± 0.07 720± 1100 0.45 210 210
(−2◦, 2◦) (0◦, 10◦) 6.1± 1.0 2.3± 0.08 660± 1000 0.42 180 2.0
(−10◦, 0◦) 7.5± 0.8 2.1± 0.04 1400± 1500 0.76 490 460
(−6◦,−2◦) (0◦, 10◦) 2.5± 0.3 2.1± 0.07 260± 160 3.4 130 2.3
(−10◦, 0◦) 3.9± 0.4 2.1± 0.05 790± 820 0.96 290 290
also the same as in the Poisson case:
1
σ˜2
= − ∂
2 log L˜
∂λ2
∣∣∣∣∣
λ=λ˜∗
=
n
λ˜∗
=
1
σ2
. (B.7)
Thus, smoothing the data and using the gamma
distribution (in this case) gives the same result as
using the original Poisson distribution, which shows
that the procedure is well defined from the statisti-
cal point of view and it gives reasonable results.
Appendix C: Modeling uncertainty of ISRF
near the GC
In this appendix we discuss the uncertainty of the
IC model of the gamma-ray emission at the base of
the FBs related to modeling of the ISRF near the
GC. In order to estimate this uncertainty, we com-
pare the ISRF model of Porter et al. (2008) (avail-
able with the distribution of GALPROP v54.1), the
ISRF model of Popescu et al. (2017), and two ISRF
models of Porter et al. (2017): R12, based on Ro-
bitaille et al. (2012), and F98, based on Freudenre-
ich (1998). In Figure C.1 we show the corresponding
densities of ISRFs averaged over the cylinder with
the radius R = 1.5 kpc and the height z = ±0.3 kpc
around the GC, which approximately corresponds
to the latitude stripe |b| < 2◦ and |`| < 10◦. We
notice that there can be up to a factor of 2 differ-
ences in the ISRF energy density at the peak of the
SL emission (around 1 µm) and an order of mag-
nitude differences in the IR wavelengths (around
100 µm), which can affect the inferred populations
of CR electrons producing the IC gamma rays (see
also Porter et al. 2017; Niederwanger et al. 2019).
In Figure C.2 we show the IC models of the
gamma-ray emission at the base of the FBs in the
rectangle b ∈ (−2◦, 2◦), ` ∈ (−10◦, 0◦) for the differ-
ent ISRF models near the GC. We separate the SL,
IR, and CMB contributions. The SL and IR ISRFs
are separated by splitting the radiation field energy
densities at 0.1 eV (≈ 12 µm). We model the CR
electrons spectra by a power-law function with an
exponential cutoff. We fix the cutoff at 1 PeV and
fit the normalization and the spectral index by fit-
ting the IC model to the Fermi-LAT spectral points.
The corresponding parameters are presented in Ta-
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Table C.1: Spectra of CR electrons near the GC relative to the reference model based on the ISRF
calculation of Porter et al. (2008) used in GALPROP v54.1.
ISRF model Relative normalization at 1 GeV Index
Porter et al. (2008) 1 2.71
Porter et al. (2017) R12 0.59 2.61
Porter et al. (2017) F98 1.16 2.71
Popescu et al. (2017) 1.64 2.79
10-1 100 101 102 103
λ [µm]
10-3
10-2
10-1
100
101
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λ
d
U d
λ
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Porter et al. (2008)
Popescu et al. (2017) 
Porter et al. (2017) R12
Porter et al. (2017) F98
Fig. C.1: Comparison of ISRF SEDs at the GC (see text for more details).
ble C.1. We use the Porter et al. (2008) ISRF as
the reference model and show the normalizations
of the CRe spectra relative to the reference model
(the normalizations are determined at 1 GeV). The
overall spread in the normalizations is about a fac-
tor of 3, while the overall variation of the index of
the CRe spectra is less than about 0.2.
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Fig. C.2: Contribution of different components of ISRFs to the IC model of the gamma-ray emission. The
data points correspond to the emission at the base of the FBs in the rectangle b ∈ (−2◦, 2◦), ` ∈ (−10◦, 0◦)
(middle panel in Figure 11). The spectrum of CR electrons is modeled as a power-law function with an
exponential cutoff at 1 PeV. We separate the SL and the IR contributions to the ISRF by formally
splitting the ISRF at 0.1 eV.
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